Introduction
Deposition of nascent C3b on cell surfaces during complement (C) activation can opsonize cells for destruction. [1] [2] [3] [4] Cancer cells can activate the alternative or classical C pathway, which results in the covalent attachment of C3b molecules, thus perpetuating C activation and promoting cell lysis. [5] [6] [7] [8] Cell-bound C3b can be degraded to inactive forms, iC3b and then C3dg, by C control proteins on these cells, which effectively stops C activation; in fact, C control proteins may protect malignant cells from C-mediated destruction. 9, 10 We proposed, however, that it may be possible to target cancer cells by using monoclonal antibodies (mAbs) specific for the residual cell-bound C3b(i). 5 The murine mAb 3E7 shows enhanced specificity for C3b(i) covalently attached to a cell surface, and it can bind to C3b(i)-opsonized cells in whole blood in the presence of solution phase C3b(i). As with any tumor-specific antigen, the level of C3b(i) available on cancer cells is critical to such an immunotherapeutic approach. Deposition of C3b(i) on cancer cells due to naturally occurring complement activation may not provide sufficient C3b(i) for such targeting, even with a high avidity and specific anti-C3b(i) mAb such as 3E7. [11] [12] [13] The anti-CD20 mAb rituximab (RTX) has proven effective in treating B-cell malignancies. [14] [15] [16] [17] [18] [19] [20] Although the mechanism of action of RTX in vivo has not been clearly elucidated, [21] [22] [23] [24] [25] [26] [27] RTX activates C when it binds to CD20 ϩ B cells and it can promote C-mediated lysis of targeted cells. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] We reasoned that in the presence of C, RTX might facilitate deposition of large amounts of C3b(i) on CD20 ϩ B cells, and that mAb 3E7 might be useful in examining and perhaps enhancing this process as well as in augmenting RTX/C-mediated cell lysis. We have used flow cytometry, radioimmunoassay (RIA), steady state fluorescence measurements, and fluorescence microscopy to test these hypotheses.
Materials and methods
Cell lines, sera, and plasmas ARH-77, DB, GA-10, Raji, and Ramos cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) and maintained in log phase growth at 37°C in 5% CO 2 in complete media (RPMI 1640; ATCC) supplemented with 10% fetal bovine serum and penicillin/streptomycin (Gibco BRL, Grand Island, NY). Cells were pelleted at 450g for 3 minutes and suspended in fresh complete medium. Viability defined by trypan blue exclusion was more than 95%. GA-10 and Ramos cells were rapidly killed by RTX in 50% normal human serum (NHS; not shown), and these cells were not used further in killing assays. For certain experiments ARH-77 cells were labeled with PKH26 (Sigma, St Louis, MO) according to the manufacturer's directions. Blood was obtained, with informed consent according to the Declaration of Helsinki, from healthy volunteers or from patients with chronic lymphocytic leukemia (CLL). The University of Virginia instituional review board approved this study. NHS and citrated Two of the authors (R.P.T., W.M.S.) have declared a financial interest in a company whose potential product was studied in the present work.
plasmas were processed within 1 hour of collection and stored at Ϫ80°C. Baby rabbit complement (BRC) was obtained from Cedarlane Laboratories (Hornby, ON, Canada).
Monoclonal antibodies
IgG1 mAbs 7C12 and 3E7, specific for C3b(i), and IgG1 mAb HB43, specific for human IgG, have been described. 5, 38, 39 RTX (IDEC Pharmaceuticals, San Diego, CA) was purchased at the University of Virginia (UVA) pharmacy and the hybridoma for anti-CD20 mAb 1F5 (HB9645) was obtained from ATCC. MAbs were labeled with 125 I (Iodogen; Pierce, Rockford, IL), 39, 40 with fluorescein isothiocyanate (FITC), 41 with Alexa dyes (Molecular Probes, Eugene, OR), or with phycoerythrin (PE; Prozyme, San Leandro, CA) according to the manufacturers' directions. MAbs specific for epitopes expressed on B cells were as follows (epitopes identified first): CD19, IgG1, SJ25-C1 (Caltag, Burlingame, CA); CD21, IgG2a, HB135 (ATCC); CD22, IgG1 RFB4 (Caltag); CD32, IgG2b, HB217 (ATCC); CD55, IgG1, 67 (Serotech, Oxford, United Kingdom); CD59, rat IgG2b, YTH 53.1 (Serotech); rat IgG2b isotype control, MCA1125 (Serotech).
Opsonization of cells
Flow cytometry. Raji or ARH-77 cells in complete medium (1 ϫ 10 5 to 2 ϫ 10 6 cells/mL) were mixed with an equal volume of NHS or citrated plasma, or ethylenediamine tetraacetic acid (EDTA)-plasma, and then RTX Ϯ mAb 3E7 were added to final concentrations of 10 g/mL. In all experiments that made use of human serum or plasmas for opsonization or for tests of RTX-mediated killing, the concentration of NHS, citrated plasma, or EDTA-plasma was 50% by volume. After incubation for 30 minutes at 37°C, cells were washed twice with 1% bovine serum albumin in phosphate buffered saline (BSA-PBS) and developed with FITC mAb 7C12 and PE mAb HB43. Alternatively, the cells were opsonized in NHS with Alexa 633 RTX and Alexa 488 mAb 3E7 at 10 g/mL each.
RIA. Similar protocols were followed, using 125 I-labeled RTX or mAb 3E7, and molecules bound per cell were determined after 3 washes in BSA-PBS. In indirect RIA, cells were first incubated with unlabeled mAbs, and after 3 washes, saturating amounts of 125 I mAb HB43 or mAb 7C12 were added. Duplicate aliquots were spun through oil after 30 minutes' incubation at room temperature and pelleted radioactivity was used to calculate molecules of cell-bound RTX and C3b(i), respectively. 39 All statistical analyses for these and other experiments were based on t tests using Sigma Stat (Jandel, San Rafael, CA).
Steady state fluorescence. Raji cells were opsonized in NHS Ϯ RTX Ϯ mAb 3E7 or were incubated in NHS with RTX and one of the other mAbs which bind to B cells (all final concentrations were 10 g/mL). After 2 washes, cells were reconstituted in BSA-PBS containing 2 mg/mL mouse IgG and probed with Alexa 594 mAb 7C12 (10 g/mL). After 30 minutes' incubation at room temperature, cells were washed twice, transferred to a 96-well plate, and fluorescence intensities measured on a Wallac Victor II plate reader (Perkin Elmer, Gaithersburg, MD).
Fluorescence microscopy. Cells were incubated with 50% NHS and Alexa-labeled mAbs, washed, fixed in 1% paraformaldehyde in PBS, reconstituted to a concentration of about 6 ϫ 10 6 cells/mL, and examined with a BX40 fluorescent microscope (Olympus America, Melville, NY), equipped with either a PM20 camera or Magnafire digital camera (Olympus), using FITC, FITC/Texas Red, or Texas Red bandpass filters. Parallel experiments using unlabeled mAbs demonstrated that labeling of either RTX or mAb 3E7 with 125 I or the fluorescent dyes did not affect their immunologic activities.
Killing assays. Cells were adjusted to about 4 ϫ 10 5 /mL in complete medium, and 250 L were mixed with 250 L of NHS or complete medium, followed by addition of RTX Ϯ mAb 3E7, or, in some of the experiments with DB cells, Ϯ one of the mAbs that also bind to B cells (see "Monoclonal antibodies"). Mixtures were incubated for varying periods at 37°C in 5% CO 2 , and after 2 washes were stained with FITC annexin V and propidium iodide (PI) according to the manufacturer's directions (Caltag). In most cases 50 L (out of 500 L total) of stained cell suspension was counted, which was expected to give about 10 000 counts in samples in which neither cell growth nor killing occurred. Forward and side scattering were used to identify the entire population of cells (including live, dead, and aggregated cells); debris generated as a consequence of cell lysis was excluded. Fluorescence analysis was performed with CellQuest software on a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA).
Tests for binding of mAb 3E7 to normal cells
Aliquots of whole blood anticoagulated with citrate were incubated with FITC mAb 3E7 Ϯ RTX, in the presence and absence of ARH-77 cells labeled with PKH26. After 30 minutes' incubation at 37°C, EDTA was added to a final concentration of 0.01 M, followed by APC-CD45 (Caltag). After 20 minutes' incubation at room temperature, erythrocytes were lysed with FACS-lyse (Becton Dickinson), cells were washed twice, reconstituted in PBS, and analyzed by flow cytometry. A standard gate of APC CD45 versus side scattering was used to identify basophils, granulocytes, monocytes, and lymphocytes, and binding of FITC mAb 3E7 was determined. Alternatively, cells in whole blood were washed and reconstituted in autologous serum Ϯ ARH-77 cells, and in addition to FITC mAb 3E7, Alexa 633 RTX was used in the opsonization step in order to identify CD20ϩ opsonized B cells, and samples were processed as described above, except PE-CD45 (Caltag) was used for gating.
Studies in a monkey model
Two experiments were performed in cynomolgus monkeys (BL and NA), following protocols previously described. 42, 43 Alexa (594 and 633) RTX and then Alexa 488 mAb 3E7 were infused intravenously into anesthetized animals. Blood samples were collected before and after each infusion, anticoagulated with EDTA and held on ice for processing within 30 minutes.
Experiments with primary tumor cells
Blood samples were obtained with informed written consent from patients under treatment for CLL at the UVA Medical Center. Patient blood cells were washed twice and reconstituted in matched NHS as a C source, Ϯ 10 g/mL RTX, and incubated up to 30 minutes at 37°C. The cells were washed twice and reconstituted in BSA-PBS containing 2 mg/mL mouse IgG and probed with Alexa mAbs HB43 and 3E7 to visualize bound RTX and C3b(i), respectively, by fluorescence microscopy. A similar protocol was followed in flow cytometry studies, except cells were also probed with PE antihuman IgM or PE anti-CD45, which along with the side scattering profile, allowed identification of B lymphocytes.
Results
Binding of RTX to CD20 ؉ cells promotes C3b(i) deposition followed by binding of mAb 3E7
RTX binding to Raji cells in plasma-EDTA and in NHS was confirmed by indirect flow cytometry experiments using mAb HB43, specific for the Fc portion of human IgG (Figure 1 ; compare panels A,B with panels C,D). RTX binding to Raji cells in NHS, but not in plasma-EDTA, leads to robust complement activation and incorporation of substantial amounts of C3b(i) on the cells ( Figure  1D ). MAb 3E7 binds preferentially to an epitope on cell-bound C3b(i) 5 and this mAb can bind to cells in the presence of NHS or citrated plasma during complement opsonization. In fact, Alexa 488 mAb 3E7 binds to Raji cells during opsonization with Alexa 633 RTX in serum (compare panels E,F in Figure 1 ). The positive correlation in the dot plot suggests that those cells that bind the most RTX, and presumably activate complement and capture the most C3b(i), also bind the most mAb 3E7.
We used direct and indirect RIA to quantitate deposition of C3b(i) and binding of mAb 3E7 to Raji or ARH-77 cells when a variety of NHSs were used for C opsonization. The results in 50% NHS, summarized in Table 1 , indicate that in the presence of both RTX and mAb 3E7, more than 1 million molecules of C3b(i) bind per Raji cell, and reduced but still substantial C opsonization occurs in the presence of either one of the mAbs alone. MAb 3E7 appears to facilitate a chain reaction in which binding of C3b to the cells leads to binding of mAb 3E7, which may either modestly activate C (mAb 3E7 is murine isotype IgG1) and/or enhance capture of additional molecules of C3b (Table 1 ; NHS vs NHS/ mAb 3E7). RIA with 125 I-RTX revealed that 220 000 Ϯ 43 000 molecules (n ϭ 7) bound to Raji cells, and 310 000 Ϯ 60 000 molecules (n ϭ 4) bound to ARH-77 cells, in the presence and absence of C. We found that about 1 000 000 molecules of mAb 3E7 bind to the cells in the presence of RTX and C ( Table 1) . The results of steady state fluorescence measurements reveal that several other mAbs only modestly enhance RTX-mediated deposition of C3b(i) on Raji cells (Figure 2 ), and even lower levels of opsonization were obtained in the absence of RTX (not shown). However, use of the RTX/mAb 3E7 cocktail results in a significant increase in C3b(i) deposition.
Colocalization of RTX and mAb 3E7
We used fluorescence microscopy to address critical questions raised by the flow cytometry and RIA experiments concerning the molecular sites of binding of C3b(i) and mAb 3E7 to RTXopsonized CD20ϩ cells in the presence of C. When Raji or ARH-77 cells were incubated with Alexa 594 RTX and Alexa 488 mAb 3E7 together in NHS or citrated plasma, the 2 mAbs colocalize on the cells ( Figure 3A -C). In the presence of mAb 3E7 we often observe cross-linking of the cells, as well as capping and/or colocalization of the probes to discrete areas on the cells. If cells are opsonized with Alexa 594 RTX alone in citrated plasma, washed and then probed with Alexa 488 mAb 3E7, this mAb colocalizes with previously bound RTX, and in many cases cells are extensively cross-linked ( Figure 3D ). However, if FITC mAb HB43 is substituted for Alexa 488 mAb 3E7, mAb HB43 colocalizes with RTX, but no cross-linking is evident. Binding of RTX alone to cells in the presence or absence of NHS leads to a more homogenous binding pattern and neither capping nor cross-linking is observed ( Figure 3E -F). A negative control experiment reveals that if cells are first reacted with mAb 3E7 in the presence of NHS and then washed and probed with RTX, the 2 probes bind to the cells with completely different patterns, and there is no evidence for colocalization ( Figure 3G ). Similar patterns of complement opsonization and colocalization of mAb 3E7 with RTX were demonstrable in DB cells (not shown).
MAb 3E7 enhances RTX-mediated killing of Raji and DB cells
C-mediated killing of nucleated cells requires multiple hits by the membrane attack complex (MAC) over an extended period, 44 and cells can recover by shedding the MAC. During this time the cells may continue to grow, and the new cells should also be subject to C attack. The relative rates of these processes can be variable, and therefore we have evaluated RTX-mediated killing by C over an extended period of time. In view of our observations of robust C activation and C3b(i) capture by Raji cells, we also sought to determine if combinations of C, RTX, and mAb 3E7 could kill these cells. Flow cytometry experiments (Figures 4; 5A-B) indicate that Raji cells grow in both complete medium and in NHS, and the rate of growth in medium containing RTX is lower than in medium † 125 I-anti-C3b(i) mAb 3E7 was used directly. ‡Either mAb singly or the combination gave more C3b(i) deposition than NHS alone (P Ͻ 10 Ϫ3 ). RTX/mAb 3E7 gave more C3b(i) deposition than either mAb alone (P Ͻ 10 Ϫ3 ). More mAb 3E7 was bound in the presence of RTX (P ϭ 3 ϫ 10 Ϫ3 ).
§Either mAb singly or the combination gave more C3b(i) deposition than NHS alone (P Ͻ 10 Ϫ3 ). The combination gave more C3b(i) deposition than mAb 3E7 alone (P Ͻ 10 Ϫ3 ). More mAb 3E7 was bound in the presence of RTX (P ϭ 2 ϫ 10 Ϫ3 ).
Background level of binding of C3b(i) to the Raji (and ARH-77) cells in NHS has been previously reported. 12, 13 Raji cells in NHS activate C, but less C3b(i) is bound than is observed in the presence of RTX.
alone. We found that Raji cells are not effectively killed after a 1-hour incubation with RTX and C. Killing is, however, enhanced at longer times; incubation of the cells in NHS containing RTX leads to pronounced killing and suppression of growth by 24 to 48 hours.
In agreement with fluorescence microscopy experiments, some (about 50%) of the cells are cross-linked when they are incubated for 1 hour in NHS containing RTX ϩ mAb 3E7. The arrow marked A in Figure 4 identifies the cross-linked population by its increase in forward and side scattering. This cross-linking is almost completely eliminated by 24 to 48 hours. As illustrated in Figures 4 and 5 and replicated in 30 independent experiments (Figure 6 ), use of mAb 3E7 in the presence of NHS and RTX enhances the action of RTX and suppresses growth. MAb 3E7 by itself does not facilitate killing in NHS, and addition of mAb 3E7 to samples incubated in media Ϯ RTX had no effect on cell growth or killing (not shown). We also used another anti-CD20 mAb, 1F5, in these studies. This mAb was previously used in a phase 1 trial for B cell lymphoma therapy, although it is now known to promote cell growth. 32, 45, 46 We also observe substantial growth of cells in medium plus mAb 1F5; compared with medium alone, at 48 hours the number of live cells detected is reduced less than 2-fold ( Figure  5A ). Over 1 hour, mAb 1F5 kills Raji cells more effectively in NHS than does RTX, but as incubation times increase, the cells grow in mAb 1F5/NHS mixtures, while growth suppression and killing continue in the RTX/NHS mixtures ( Figure 5B-D) . The potential of mAb 1F5 to facilitate C-mediated killing and growth suppression is, however, substantially enhanced in the presence of mAb 3E7.
Raji cells at varying phases of growth from early to late log phase gave the same pattern of killing (not shown). The results of 30 independent experiments using our standard conditions (50% NHS, both RTX and mAb 3E7 at 10 g/mL) are summarized in Figure 6 . Effective killing of Raji cells in NHS by RTX is manifest after a 24-hour incubation period. Incorporation of mAb 3E7 in the incubation mixture enhances RTX-mediated killing as early as 1 hour, although part of this effect may be due to cross-linking (see Figures 3 and 4) . Cross-linking is substantially reduced or eliminated after 24 to 48 hours, but enhanced killing and suppression of growth in the presence of RTX ϩ mAb 3E7 are clearly evident.
We found that in complete medium RTX Ϯ mAb 3E7 cannot promote killing of DB cells (Table 2 ). In addition, RTX is marginally effective at killing DB cells in NHS. We observed an approximate steady state; although killing is definitely demonstrable, new cells are generated at only a slightly lower rate than the rate at which cells are killed. However, in the presence of RTX ϩ mAb 3E7 the steady state in 50% NHS shifts considerably to give more effective killing and growth suppression. Part of the reduction in live DB cells at 1 hour may be due to cross-linking, as noted previously in comparable experiments with Raji cells. By 48 hours, however, mAb 3E7 substantially enhances RTX-mediated killing and suppresses new cell growth ( Table 2 ). As illustrated in Figure 7 , we extended the experiments on DB cell killing to include the panel of mAbs used in the steady state fluorescence measurements with Raji cells in Figure 2 . The same pattern of simultaneous growth and killing of DB cells was observed in this experiment, and the percentage of live cells is reported. In agreement with the findings of Harjunpää et al 31 and Treon et al 34 in similar systems, neutralization of the activity of CD59 substantially increases RTX-mediated killing of DB cells in serum (Figure 7) . Moreover, mAb 3E7 also significantly enhances killing; the other mAbs are far less effective. No killing was observed when the mAbs were used in the absence of RTX, and substitution of an isotype control for anti-CD59 did not enhance RTX-mediated killing (not shown).
Complement is required for cell killing
C-replete NHS is required for RTX killing; no killing of Raji cells is observed in heat-inactivated (C-depleted) NHS (not shown). C-mediated killing can continue over a prolonged period of time; after a 48-hour incubation at 37°C, CH 50 assays revealed that 50% of the initial complement activity is preserved in samples incubated with RTX Ϯ mAb 3E7 (not shown). Effective C-mediated killing ultimately requires cell-mediated lysis by the MAC. ARH-77 cells express high levels of CD59 34, 47 which blocks the action of the MAC, and are not lysed under the conditions of these experiments, even in the presence of mAb 3E7 and RTX. However, RTX can kill ARH-77 cells in the presence of baby rabbit C (BRC). At the 24 hour mark, incubation of ARH-77 cells with RTX in a 1:1 mixture of NHS and BRC led to 97% killing compared to incubation without RTX. Killing under these conditions presumably reflects the fact that human CD59 is less able to block the action of a MAC composed of rabbit C proteins. The ratio, the number of live Raji cells in NHS alone divided by the number of live cells for the treatment condition in NHS (RTX Ϯ mAb 3E7), is displayed for individual NHSs at 3 different times. The means of the determinations are marked by horizontal dashes; the differences between RTX ϩ mAb 3E7 vs RTX alone were statistically significant (P Ͻ 10 Ϫ3 ) at all 3 times. The percentages of dead cells at 1 hour, 24 hours, and 48 hours for serum, serum ϩ RTX, or serum ϩ RTX ϩ mAb 3E7 were as follows: 1 hour, 20 Ϯ 10, 41 Ϯ 12, 74 Ϯ 11; 24 hours, 21 Ϯ 14, 82 Ϯ 12, 91 Ϯ 7; 48 hours, 16 Ϯ 11, 88 Ϯ 9, 94 Ϯ 5. For a given time the differences between the treatments were highly significant. In all cases P Ͻ 10 Ϫ3 except for 48 hours, serum ϩ RTX vs serum ϩ RTX ϩ mAb 3E7, P ϭ 3 ϫ 10 Ϫ3 . Figure 2 ). In the absence of RTX, 90% of the cells were alive in serum at both 4 and 48 hours. *P Ͻ 10 Ϫ3 ; †P Ͻ 10 Ϫ2 compared with RTX alone. Values shown are averages Ϯ SDs based on duplicate determinations with 3 different NHSs and are representative of 4 similar experiments. The NHS/RTX/mAb 3E7 sample had fewer live cells than NHS/RTX at both 1 hour and 48 hours (P Ͻ 10 Ϫ3 ). More dead cells were present in the NHS/RTX/mAb 3E7 sample than in NHS/RTX at 48 hours (P Ͻ 10 Ϫ3 ).
*Percentage of live cells was calculated for each individual determination and then averaged.
Binding of mAb 3E7 to normal cells
To be effective therapeutically, any mAb must show a high degree of specificity for malignant cells relative to normal cells. Due to the protective mechanisms of C control proteins, normal cells have low levels of C3b(i), and therefore direct binding of anti-C3b(i) mAbs should be minimal. However, immune complexes composed of mAb 3E7 and C3b(i) fragments generated in solution could bind to cells with C and/or Fc receptors. Based on flow cytometry determinations we observe weak binding of mAb 3E7 to normal cells in the presence of C Ϯ RTX, but quantitatively there is far more binding to ARH-77 cells under these conditions (Figure 8) . In a similar protocol we used FITC mAb 3E7 and Alexa 633 RTX to opsonize CD20-positive cells in washed whole bloods (Ϯ ARH-77 cells) reconstituted in NHS from 2 healthy donors. The MESF levels for binding of FITC mAb 3E7 to RTX-opsonized normal B cells, monocytes, granulocytes, and ARH-77 cells were, respectively, 38 000 Ϯ 500, 17 500 Ϯ 500, 16 000 Ϯ 2000 and 250 000 Ϯ 35 000 (n ϭ 2), indicating that more mAb 3E7 binds to the RTX-opsonized malignant cells, presumably because they express higher levels of CD20. In NHS samples without either mAb, or in NHS-EDTA with both mAbs present, the background MESF values averaged 3000 for normal cells and 10 000 for ARH-77 cells. Finally, samples of diluted whole blood in NHS were cultured in the presence of mAb 3E7 (10 g/mL) for 24 hours and then probed with FITC-annexin V. We found no evidence for apoptosis of the cells after 24 hours; neither control samples nor the samples incubated with mAb 3E7 showed annexin V staining (not shown).
Studies in a monkey model
In vivo studies of C activation and C3b(i) capture were conducted by infusing Alexa 594/633 RTX into cynomolgus monkeys followed 10 or 20 minutes later by infusion of Alexa 488 mAb 3E7. A mixture of Alexa 594 and Alexa 633 RTX allows both fluorescence microscopy and flow cytometry measurements, respectively. Blood samples taken 2 minutes after infusion of RTX were washed and probed in vitro with Alexa mAb 3E7. Fluorescence microscopy revealed that cells which had bound RTX in vivo also took up mAb 3E7 in vitro ( Figure  9A ) and the fluorescence pattern is quite similar to that observed in in vitro experiments with Raji cells and ARH-77 cells ( Figure  3A-C) . That is, mAb 3E7 colocalizes with bound RTX on the cells, suggesting that C3b(i) rapidly deposits directly on cellbound RTX in the circulation of the monkey. Parallel control experiments indicated mAb 3E7 did not bind to cells before RTX infusion (not shown). Samples B and C in Figure 9 , taken after infusion of RTX followed by mAb 3E7, indicate that infused mAb 3E7 rapidly binds in vivo to RTX-opsonized cells; colocalization of the 2 mAbs is clearly evident. Blood samples from the experiment with monkey BL were analyzed by flow cytometry ( Figure 9D ). Before infusion, naive B cells were positive for PE CD21 and negative for Alexa 633 RTX and Alexa 488 mAb 3E7 (plots 1-3). After Alexa 633 RTX infusion, a population of doubly positive CD21/RTX cells is apparent (plot 6). These cells also exhibit a small increase in the Alexa 488 mAb 3E7 and PE CD21 signal (plots 4-6), due to a compensation artifact. However, 1 minute after infusion of Alexa 488 mAb 3E7, the B cells show a large increase in the Alexa 488 mAb 3E7 signal (plots 7 and 8), which further demonstrates that mAb 3E7 rapidly binds to the RTX-opsonized cells in the circulation.
These experiments suggest that soon after infusion, RTXopsonized B cells contain covalently associated C3b(i), and that mAb 3E7, at moderate concentrations, can rapidly bind to such opsonized cells via cell-associated C3b(i). C levels (CH50 assays) in the 2 animals before, during (1 hour after infusion of both mAbs), and 24 hours after the experiment were 492, 425, 506 and 62, 32, 28, respectively, thus suggesting that during the C3b opsonization process, there was some consumption of C in both animals. Although the C titer was low in the second monkey, it was adequate to facilitate C3b opsonization. Whether more C might be consumed in a human with a large tumor burden and a higher dose of RTX remains an open question. Aside from a decrease in lymphocytes and a temporary increase in neutrophils, there were no significant changes in the CBC profile, hepatic chemistry panel, or blood urea nitrogen during or 1 and 3 days after the experiment. In agreement with the studies of Reff et al, we found that after 1 hour more than 98% of the B cells (CD21 ϩ ) were cleared from the circulation. 28 
Preliminary studies on blood obtained from patients with CLL
We performed in vitro experiments to test for RTX-mediated C3b(i) opsonization of CLL patient B cells. In order to ensure the reliability of the C source, matched NHS, previously titered for C activity, was used. The results of flow cytometry experiments indicate that in the presence of C, RTX facilitates rapid deposition of C3b(i) on CLL cells (Figure 10 ). Moreover, fluorescence micrographs, based on indirect probing for RTX and C3b(i), reveal marked colocalization of deposited C3b(i) with cell-bound RTX. These measurements serve as a prototype for the analysis of cell-bound RTX after it is infused into the bloodstream of a patient.
Discussion
In view of the fact that only half of patients with non-Hodgkin lymphoma respond to RTX therapy, [15] [16] [17] [18] [19] [20] attempts to increase the efficacy of this treatment require an understanding of its mechanism of action in vivo. Although there is uncertainty concerning this mechanism, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] 48 our results demonstrate that C plays an important role in RTX-mediated killing of Raji cells. Other mechanisms, such as growth arrest or apoptosis, do not facilitate substantial killing in the absence of C. Our findings agree with those of Ghetie et al, who demonstrated with several B-cell lymphoma lines, including Raji cells, that even when hyper-cross linking of CD20 is induced by use of RTX and an antihuman IgG reagent, the amount of killing/growth suppression is modest. 23 Recently Bellosillo et al reported that incubation of malignant B cells in high concentrations of RTX induced absolutely no killing over 5 days in the absence of C. 35 Further clarification of the possible role of apoptosis in RTX-mediated killing in vivo 27 may be forthcoming in view of reports indicating that C activation on target cells may, under certain conditions, induce apotosis. 49 Neutralization of CD59 increased RTX-mediated killing of DB cells in serum (Figure 7) , providing additional evidence supporting the role of C and the MAC in cell killing. The enhanced killing of Raji and DB cells promoted by mAb 3E7 in the presence of RTX and NHS is noteworthy (Figures 4-7 ; Table 2 ); aside from the anti-CD59 mAb, none of the other mAbs substantially enhanced RTX-mediated killing of DB cells, as was observed with mAb 3E7. We suggest that binding of mAb 3E7 to RTX-opsonized cells may increase C activation by either increasing capture of nascent C3b or by activating complement directly via an immune complexmediated classical pathway mechanism. Capping and cross-linking due to binding of large amounts of mAb 3E7 (Figures 3-4) may cause disruptions and/or defects in the plasma membrane of the cell, which could prevent growth and lead to cell death. Such defects may also allow more effective attack by the MAC.
Evaluation of the mechanism(s) of action of RTX in vivo should consider the possible molecular forms of the molecule. We have demonstrated that large amounts of C3b(i) are deposited on CD20-positive cells in vitro in the presence of NHS and RTX in flow cytometry, RIA, and fluorescence microscopy experiments (Figures 1 and 3 ; Table 1 ). Based on evidence describing C3b(i) deposition on substrates during C activation, 39, [50] [51] [52] [53] C3b(i) is likely to be covalently bound to cell-bound RTX. The monkey model experiments ( Figure 9 ) provide evidence that the C3b(i)-RTX complexes form in vivo; soon after RTX is infused, it promotes rapid complement activation and C3b(i) opsonization of monkey B cells. Moreover, in the circulation of the monkey, infused mAb 3E7 is able to bind to RTX-opsonized cells, presumably by binding to deposited C3b(i), and the fluorescence micrographs show the same patterns of colocalization that were manifest in the in vitro experiments with CD20-positive cell lines. These experiments, as well as our studies with blood samples from CLL patients ( Figure  10 ), suggest that a similar pattern of complement activation and C3b(i) capture can occur when RTX is infused into humans.
The quantitative RIA (Table 1) indicate that 2 or more C3b(i) are cell-associated for each RTX IgG bound. A covalent complex of RTX and C3b(i) could interact with monocytes, macrophages and/or neutrophils via Fc and C receptors, 2, 6, 47, [54] [55] [56] and the mechanism of action of RTX in vivo may include cell-mediated lysis and/or phagocytosis facilitated by these receptors. Recently Golay et al have reported in vitro experiments demonstrating that RTX enhances deposition of C3 on B cells isolated from 4 patients with B cell malignancies. 36 ARH-77 cells were not killed by RTX ϩ mAb 3E7 and C, indicating that up-regulation of C control proteins on cancer cells may block the action of immunotherapeutic modalities that require C activation and lysis by the MAC. Several studies suggest that up-regulation of these proteins may explain why lymphomas in some patients are refractory to the action of RTX. 9, 10, 35, 36 However, Weng and Levy reported no correlation between the levels of C control proteins on patient cancer cells and therapeutic effectiveness of RTX in patients treated with RTX. 48 Moreover, they found no relationship between therapeutic effectiveness and the potential of RTX to facilitate C-mediated lysis of the respective cancer cells when NHS, but not autologous patient serum, was used as a C source. We suggest an alternative mechanism to explain why RTXmediated therapies may sometimes fail. Patients with cancer often have deficiencies in one or more proteins in the C pathway. 57, 58 These deficiencies can be associated with inflammation induced by tumors and may represent the consequences of C consumption due to reaction of antibodies with tumors or circulating cancer cells. It is also possible that continued treatment with a tumor-specific mAb may consume sufficient C that the mAb's effectiveness will be compromised. Recently Byrd et al reported that treatment of CLL patients with high doses of RTX at an accelerated schedule led to some clinical benefit. 14, 27 We note that this therapeutic regimen led to decreases in CH50 and C3 levels. 14 In fact, C levels in these patients were relatively low before treatment was initiated. It is possible that if the C activity of a patient with B cell lymphoma is low or reduced after prolonged treatment, 14,27 RTX might not provide maximally effective therapy. Immunotherapy with Cfixing mAbs may, therefore, be more effective if accompanied by in vitro testing to determine whether the patient's C level is adequate to support the intended action of the therapeutic mAb. 59 If in vitro tests reveal a deficiency in one or more C proteins it would be reasonable to treat the patient by infusion with either C replete plasma or with the C proteins found to be deficient. We note that relatively low C levels were sufficient to facilitate C3b(i) deposition on RTX-opsonized cells in the bloodstream of one of the monkeys, and therefore the definition of "adequate" with respect to the effector functions of C remains uncertain.
In summary, we have demonstrated that binding of the anti-CD20 mAb RTX to Raji and ARH-77 cells in NHS leads to C activation and deposition of large amounts of C3b(i). Experiments in a monkey model, as well as in vitro studies with blood from CLL patients, extend and generalize these observations. Use of the anti-C3b(i)-specific mAb 3E7 in conjunction with RTX enhances both deposition of C3b(i) on Raji and ARH-77 cells and Cmediated killing of Raji and DB cells. If C activation is indeed the major route of therapeutic efficacy for RTX treatment, it may be important to increase the C activity in certain patients to realize the full therapeutic potential of RTX. Use of mAbs specific for C3b(i), such as mAb 3E7, and treatment of patients with plasma or C components may be reasonable approaches for enhancing the therapeutic efficacy of antitumor mAbs whose chief mechanism of action involves C-mediated killing.
